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ABSTRACT: Star copolymers have attracted significant interest
due to their different characteristics compared with diblock
copolymers, including higher critical micelle concentration,
lower viscosity, unique spatial shape, or morphologies. Devel-
opment of synthetic skills such as anionic polymerization and
controlled radical polymerization have made it possible to
make diverse architectures of polymers. Depending on the
molecular architecture of the copolymer, numerous morpholo-
gies are possible, for instance, Archimedean tiling patterns and
cylindrical microdomains at symmetric volume fraction for
miktoarm star copolymers as well as asymmetric lamellar
microdomains for star-shaped copolymers, which have not
been reported for linear block copolymers. In this review, we
focus on morphologies and microphase separations of mik-
toarm (AmBn and ABC miktoarm) star copolymers and star-
shaped [(A-b-B)n] copolymers with nonlinear architecture.
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INTRODUCTION Block copolymers have been extensively
investigated because of their diverse self-assembled struc-
tures such as spheres, cylinders, gyroids, and lamellae
depending on the volume fraction of one of the blocks (f),
the degree of polymerization (N), the Flory-Huggins interac-
tion parameter (v), and the molecular architecture of the
block copolymers.1–4 These nanostructures have been widely
used for various applications such as templates, membranes,
optical materials, and data storage media.5–15
Compared with linear diblock copolymers, diverse architec-
tures of copolymers such as miktoarm star copolymers or
star-shaped copolymers have been explored because of the
expectation of different morphologies or physical properties
induced by different molecular architecture. For example,
unimolecular micelles composed of star-shaped copolymers
showed much higher stability than the micelles made of
diblock copolymers because the arms of star-shaped copoly-
mers are covalently linked to the core.16–18 Lin and
coworkers19–22 used very stable unimolecular micelles made
of star-shaped copolymers for the fabrication of monodis-
perse colloidal nanocrystals.
Development of synthetic skills such as anionic polymeriza-
tion and controlled radical polymerization (CRP) has made it
possible to make diverse architectures of polymers using
arm-first or core-first method. Linking preformed living poly-
mers to the core by coupling or crosslinking is an arm-first
method,23–25 while polymerization of polymers from macroi-
nitiator with known number of initiating sites is a core-first
method.26–28 Since excellent reviews on synthesis and prop-
erties of star polymers have been available,29–32 this review
is mainly focused on morphologies and microphase separa-
tions of miktoarm (AmBn and ABC miktoarm) star copoly-
mers and star-shaped [(A-b-B)n] copolymers with nonlinear
architecture.
Miktoarm star copolymers consist of heteroarms emanating
from a central core with different chemical compositions or
molecular weights (AmBn : miktoarm star copolymer with m
arms of A homopolymer and n arms of B homopolymer),
while star-shaped copolymers contain block copolymer
homoarms with identical chemical compositions [(A-b-B)n:
star-shaped copolymer with n arms of A-b-B diblock copoly-
mer. Here the first written A block represents the inner
block (core) and B block is the outer block (shell) of star-
shaped copolymer], as shown in Scheme 1. Morphologies or
microphase separations of linear diblock copolymers are
decided by the volume fraction of one of the blocks. For
example, spherical or cylindrical microdomains are only
observed at asymmetric volume fractions, while lamellar
microdomains are shown at symmetric volume fractions in
diblock copolymers. However, nonlinear block copolymers
showed cylindrical microdomains even at symmetric volume
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fraction due to the molecular architecture. In addition, they
exhibited Archimedean tiling patterns33–35 that have not
been reported for linear block copolymers.
MORPHOLOGIES AND MICROPHASE SEPARATIONS OF
MIKTOARM STAR COPOLYMERS
Theory
The effect of macromolecular architecture on microstructure
of miktoarm star copolymers has been extensively investi-
gated theoretically and experimentally. Milner36 was the first
to theoretically obtain the phase diagram for AnBn miktoarm
star copolymer. He assumed that miktoarm star copolymers
lied in strong segregation limit in which the interface
between two blocks is sharp. The morphologies of micro-
structure are determined by the competition between the
increase of stretching free energy as the each arm stretches
away from the interface and the reduction of interfacial
tension.
SCHEME 1 Schematic architectures of (a) miktoarm star
copolymers (AmBn) and (b) star-shaped copolymers ((A-b-B)n).
Jicheol Park is a Ph. D. candidate in the Department of Chemical Engineering of Pohang
University of Science and Technology (POSTECH) under the supervision of Prof. Jin Kon
Kim. His research interests include the effect of macromolecular architecture on self-
assembly of block copolymers.
Sangshin Jang is a Ph. D. candidate in the Department of Chemical Engineering of POST-
ECH under the supervision of Prof. Jin Kon Kim. His research interests include self-
assembly of star-shaped block copolymers.
Jin Kon Kim is a POSTECH fellow and a full professor of Chemical Engineering of POST-
ECH. Also, he is the director of the Center for Smart Block Copolymer Self-Assembly funded
by the National Creativity Research Initiative Program supported by National Research
Foundation in Korea. He received his B.S. (1980) from Seoul National University (Korea) in
Chemical Engineering and M.S. (1982) from Korea Advanced Institute of Science and Tech-
nology (Korea) in Chemical Engineering, and Ph.D. (1990) from Polytechnic University in
Chemical Engineering. He was a senior research scientist at Polymer Research Institute of
LG Chem. Co. in Korea. His research interests include phase behavior and phase transition
of block copolymers, development of new functional nanomaterials for membranes and
photovoltaic cells, interfacial properties and interfacial tension measurement of reactive
polymer blends and nanocomposites containing polymer blends and organoclays.
FIGURE 1 Phase diagram in the strong segregation limit for
miktoarm star copolymers as a function of volume fraction of
the B monomer. (Reproduced from ref. 36, with permission
from American Chemical Society.)
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Figure 1 shows the phase diagram for miktoarm star copoly-
mers as function of volume fraction of B (/B). With increas-
ing asymmetric parameter e  (nA/nB)(lA/lB)1/2, where nA,
nB are the numbers of A and B blocks, and lA, lB are charac-
teristic lengths of A and B, respectively, the phase boundary
between microdomains moved toward /B.
Floudas et al.37 predicted microphase separation for diblock
and ABn miktoarm star copolymer based on the mean field
theory. Spinodal curves were calculated for the ABn miktoarm
star copolymers with n up to 100 [Fig. 2(a)]. Microphase sepa-
ration for ABn miktoarm star copolymers becomes more diffi-
cult than that of linear diblock copolymers, because the critical
value of the vNt (Nt5Na1 nNb) of ABn miktoarm star copoly-
mers is higher than that of diblock copolymers [Fig. 2(b)]. In
addition, the spinodal curves are asymmetric against one of
the volume fractions due to the asymmetry of miktoarm star
copolymers. Interestingly, the maximum critical value of vNt in
ABn miktoarm star copolymers appeared at n5 3 because of
delicate balance between the stretching free energies of A and
B arms. The theoretical predictions on phase boundaries are
consistent with experimentally measured ones by small angle
X-ray scattering (SAXS) method for AB3 miktoarm star copoly-
mers composed of one arm of PS and three arms of PI.
Grason and Kamien38 obtained phase behavior of ABn mik-
toarm star copolymers in the strong segregation limit, using
self-consistent field theory (SCFT) analysis (Fig. 3). All phase
diagrams are not symmetric, which means that the shape of
interfaces is curved toward the A block because of asymme-
try of molecular architecture. They found that the interface
between two blocks is highly distorted when the number of
B arms is higher than 3. As a result, increasing the number
of B arms enhances the stability of A15 phase (sphere-like
micelles) which is not observed for linear diblock copolymer
(Fig. 3). Later, Matsen39 calculated the phase diagram for
AB2 miktoarm star copolymer and found perforated lamellae
(PL) and Fddd (O70, orthorhombic and single-network struc-
ture)40 phases near gyroid phase (Fig. 4).
Dissipative particle dynamics were also applied to study
microphase separation of AB2 miktoarm star copolymers,
where hydrodynamic interaction and fluctuation were con-
sidered.41 The phase diagram obtained by the dissipative
particle dynamics is in good agreement with that predicted
by SCFT. However, in contrast to the prediction based on
SCFT, AB2 miktoarm star copolymers with small volume frac-
tions of B block do not form the ordered structure, but only
a tube-like phase appears. These results are often observed
in experiments because dissipative particle dynamics consid-
ered the possibility of aggregates.
Interesting category of miktoarm star copolymer is ABC mik-
toarm star terpolymer consisting of three chemically differ-
ent arms [Fig. 1(a)]. Since the molecular architecture of ABC
miktoarm star terpolymers with the immiscible arms con-
nected at a single point affects significantly the microphase
separation, new kinds of morphologies including quasicrys-
talline tiling pattern that could not be attained by linear
block copolymers are observed for nonlinear block copoly-
mers.34 This is because the single junction point of ABC mik-
toarm star terpolymers is located on the lines where three
kinds of the interfaces meet together if the interaction
parameters between arms are strong enough (Fig. 5).
Gemma et al.43 obtained the phase diagram of ABC miktoarm
star terpolymers based on Monte Carlo simulation method.
They assumed that the miktoarm star copolymers lay in
strong segregation limit and the interaction parameters
FIGURE 2 (a) The spinodal curves (vNt vs. fA) for diblock and ABn miktoarm star copolymers with three different values of n (2, 3,
and 4). The experimental results obtained from an AB2 (•) and two AB3 (w, ) miktoarm star copolymers are shown together with
the investigated temperature range (vertical lines). (b) Critical values of vNt plotted as a function of the number of arms of the B
blocks. The dependence of the optimal composition corresponding to the minima of the spinodal curves is also shown. (Repro-
duced from ref. 37, with permission from American Chemical Society.)
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between three blocks are equal. The predicted phase dia-
gram of the ABC miktoarm star terpolymer is shown in Fig-
ure 6, where arm-length ratio is Na:Nb:Nc5 1:1:x. Conversely,
Pan and coworkers44 focused on the localization of junction
point of the ABC miktoarm star terpolymers using dynamic
density functional theory. When the miscibility of one block
with the other two blocks increased, the junction points
were distributed over the intermaterial dividing surfaces, not
lines. This means that the interaction parameters between
arms also play an important role in determining microdo-
mains and the location of junction points.
Later, Birshtein et al.45 developed a theory to predict lamel-
lar morphology of ABC miktoarm star terpolymer with inter-
action parameters with vAB vAC5 vBC. In this case, A and B
microdomains are separated by the C microdomain, where
small parts of A and B chains are located in the C domain
because of the junction point of three arms (Fig. 7). Stretch-
ing of A and B chains in the mixed C domain and compres-
sion of the C chains occur because unfavorable A/C and B/C
interactions should be minimized (Fig. 7).
FIGURE 3 Theoretical phase diagram of ABn miktoarm star copolymers for n5 2, 3, 4, and 5 calculated using SCFT. Dis labels
regions where the melt is disordered. Stable regions of ordered phases are labeled: (Lam) lamellar; (Gyr) gyroid, Ia3d symmetry;
(Hex) hexagonal-columnar, p6mm symmetry; A15 sphere phase, Pm3n symmetry; (BCC) body-centered-cubic lattice of spheres,
Im3m symmetry; and (FCC) face-centered cubic lattice of spheres, Fm3m symmetry. (Reproduced from ref. 38, with permission
from American Chemical Society.)
FIGURE 4 Theoretical phase diagram of AB2 miktoarm star
copolymers. PL, Fddd are additionally shown compared to
Figure 3. (Reproduced from ref. 39, with permission from
American Chemical Society.)
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Dissipative particle dynamics were also applied to study
phase behavior of ABC miktoarm star terpolymers.47 Figure 8
shows phase diagram of ABC miktoarm star terpolymer with
dimensionless interaction parameters aAB5 aAB5 a5 36
(aIJ(T) 5 aII 1 3.497vAB(T), I,J 5 A, B, C. The degree of poly-
merization for the ABC miktoarm star terpolymer is fixed at
N5NA1NB1NC 520. When one of the three arms is a
minor block which cannot self-assemble to form one microdo-
main, the phase behavior is similar to that of linear diblock
copolymers. When three arms have comparable volume frac-
tions, three-phase polygonal morphologies, [6.6.6], [8.8.4],
[10.6.4;10.8.4] [3.3.4.3.4], [10.6.6;10.6.4], are formed. The
polygonal morphology is mainly determined by the volume
fraction of three arms but not by the interaction parameters.
There are few theoretical studies for the phase behavior (or
microphase separation) of rod-like (or rigid) block-containing
miktoarm star copolymers. In this situation, the self-assembly of
miktoarm star copolymers is influenced not only by the incom-
patibility between rod-like blocks and flexible blocks but also by
the tendency of the rod-like block to form orientational order. Xia
et al.48 studied the phase diagram of (coil)2rod miktoarm star
copolymers and linear rod-b-coil diblock copolymers based on
SCFT (Fig. 9). Though the phase diagrams of two cases are similar,
one particular exception is observed. When the volume fraction
of rod block was 0.45, the cylindrical morphology was formed for
miktoarm star copolymer, while the perforated lamellar morphol-
ogy was formed for the corresponding linear rod-b-coil diblock
copolymer. This is caused by the interplay between the interfacial
energy and elastic stretching free energy of the coil block. They
also found that the phase diagram of T-shaped rod-coil block
copolymers was also different from corresponding linear diblock
copolymers and (coil)2rod miktoarm star copolymers.
49 This is
due to the steric hindrance attributed by the anchored coil blocks
which affect self-assembly of block copolymers.
The theories for phase behavior of miktoarm star copolymers
consisting of all coil blocks have been well-developed and experi-
mental results are mostly in good agreement with theoretical
prediction. Many theoretical studies have been performed on
rod-coil linear block copolymers considering the Maier–Saupe
interaction and the stiffness of rod block in addition to conven-
tionally used the volume fraction and the Flory–Huggins interac-
tion.50,51 In contrast, the theories for rod-containing miktoarm
star copolymer are very few,48which makes difficult to predict
phase behavior before the experiments. Therefore, it is essential
to develop theories of rigid-containing miktoarm star copolymer
FIGURE 5 Schematic illustrations of copolymer chains. (a) AB
diblock copolymers: the chemical junction points are confined
at the interfaces; (b) linear ABC triblock copolymers: the chemi-
cal junction points are confined at the interfaces. (Reproduced
from ref. 42, with permission from Elsevier). (c) ABC miktoarm
star terpolymers consisting of three different arms. Between
three arms, three interfaces appear, (d) Junction point line.
Junction point depicted by small circles must gather on a line
where three interfaces meet. The chemical junction points are
confined on a line. (Reproduced from ref. 40, with permission
from American Chemical Society.)
FIGURE 6 Theoretical phase diagram of ABC miktoarm star terpolymers with arm-length ratio 1:1:x and symmetric interactions
between three components. A (light gray), B (medium gray), and C (dark gray) are displayed. Morphologies are lamella1 sphere
(L1S), five cylindrical structures in sectional view denoted by polygons around a vertex in the sections, perforated layer, lamel-
lar1 cylinder (L1C), columnar piled disk, and lamella-in-sphere. (Reproduced from ref. 44, with permission from American Insti-
tute of Physics.)
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to understand the phase behavior and find useful microstruc-
tures for potential applications.
Experimental of Miktoarm Star Copolymers
AmBn Miktoarm Star Copolymer
Hadjichristidis and coworkers52,53 studied microphase separa-
tion of PS(PI)2 miktoarm star copolymers. They found that
(PS)(PI)2 miktoarm star copolymer with 40 vol % PS shows
hexagonally packed cylinder (HEX) of PS. This result is in con-
trast to linear diblock copolymer of the same composition
which showed lamellar morphology. Tselikas et al.54 showed
that the boundary between two microdomains for (PS)(PI)2
miktoarm star copolymers is shifted toward higher PS volume
fraction compared with linear PI-b-PS diblock copolymers
(Fig. 10). Interestingly, (PS)(PI)2 miktoarm star copolymer
with 53 vol % of PS has a bicontinuous cubic morphology.55
A randomly oriented worm micelle morphology was observed
in (PS)(PI)2 miktoarm star copolymer with 81 vol % of PS.
This morphology only occurs near the particular volume frac-
tion where two PI chains per molecule are first forced to the
concave side of the interface. At this unique volume fraction,
the novel miktoarm architecture frustrated the system from
choosing a lattice during microphase separation.56
Later, (PS)(PI)3 miktoarm star copolymers were also synthe-
sized and their phase behavior was studied.57 The boundary
between two microdomains for (PS)(PI)3 miktoarm star
copolymers was more shifted to higher PS volume fraction.
The extent of the phase boundary shift increases with
increasing the number of PI arms because of higher curva-
ture of the PS/PI interphase that is curved toward the PS
due to the overcrowding of PI. Interestingly, an unusual bro-
ken chevron tilt grain boundary was observed in (PS)(PI)5
miktoarm star copolymer with 58 vol % of PS (Fig. 11). This
new microstructure is attributed to interfacial bending
resulting from architectural asymmetry of (PS)(PI)5 mik-
toarm star copolymer which has extraordinarily large geo-
metric packing constraints.58
Mavroudis et al.59 investigated the phase behavior of
PS(P2MP)3 miktoarm star copolymers [here, P2MP is poly(2-
methyl-1,3-pentadiene)]. The morphology of PS(P2MP)3 mik-
toarm star copolymers is quite different from PI(PI)3 mik-
toarm star copolymer even though P2MP has only one extra
methyl group. PS(P2MP)3 miktoarm star copolymers with 74
vol % of PS formed a biphasic structure of 1D-lamellar and
3D-double gyroid structure, which is not predicted by the
FIGURE 7 Lamellar morphology of ABC miktoarm star terpolymer: (a) TEM micrograph46 for (PS)(PB)(P2VP) miktoarm star terpoly-
mer with arm-length ratio 14:37:49 (Reproduced from ref. 46, with permission from American Chemical Society) and (b) schematic
representation. (Reproduced from ref. 45, with permission from John Wiley and Sons.)
FIGURE 8 Theoretical phase triangle of ABC miktoarm star ter-
polymer calculated using dissipative particle dynamics with
aAB5 aAB5 aAC5 36 (N5NA1NB1NC 520). In the figure, ( )
[6.6.6]; ( ) [8.8.4]; ( ) [10.6.4;10.8.4] (3.3.4.3.4); ( )
[10.6.6;10.6.4]; ( ) CI1CJ within L (I and J are minority com-
ponents); ( ) LI,J with K in the interfaces (I and J are majority
components); ( ) I- and J-segregated domains within L (I and
J are minority components); ( ) gyroid; ( ) IJ-formed tubes
(I and J are minority components); ( ) disorder. (Reproduced
from ref. 47, with permission from American Physical Society).
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Milner’s theory. The disagreement might be due to large dif-
ferences in characteristic ratio (Coo) and glass transition tem-
perature (Tg) between P2MP and PI.
Recently, morphologies of AB2, AB3 miktoarm star copoly-
mers composed of maltoheptaose block (A block) and PCL
block (B block) were studied.60 The AB2 and AB3 miktoarm
star copolymers with 18 vol %, 9 vol % of A block showed
body-centered cubic spheres (BCC) morphologies (Fig. 12).
Interestingly, d-spacing of the BCC microstructures in the
miktoarm star copolymers decreased as the arm number of
the PCL blocks increased. Sub-10 nm BCC microdomain was
obtained because of high interaction parameter between two
blocks as well as molecular architecture. In contrast, A2B
miktoarm star copolymer with 16 vol % of A block produced
a lamella morphology despite the low volume fraction.61
This morphology resulted from lower curvature at interface
because of molecular architecture.
The microstructures of PS8PI8 miktoarm star copolymers
were investigated by Hadjichristidis and coworkers.42,62 All
of three (PS)8(PI)8 miktoarm star copolymer with 37, 44,
and 47 vol % of PS and total molecular weight ranging from
330,000 to 894,000 formed lamellar morphologies. In agree-
ment with the theory, (PS)8(PI)8 miktoarm star copolymer
behaved similarly to linear diblock copolymers with the
same composition. Turner et al.63 investigated PS2PB2 mik-
toarm star copolymer. The lamellar spacing for symmetric
PS-b-PB diblock copolymer is smaller than that for
(PS)2(PB)2 miktoarm star copolymer, and the interfacial area
per molecule for (PS)2(PB)2 miktoarm star copolymer is sim-
ilar to that for (PS)8(PI)8 miktoarm star copolymer.
62
Beyer et al.64 investigated the morphologies of (PS)2(PB)2
miktoarm star copolymers using transmission electron
microscopy (TEM), SAXS, and SANS. Five samples with 14,
28, 35, 68, and 87 vol % of PS showed various morpholo-
gies depending on the volume fraction of PS. Because all of
the copolymers are in the strong segregation regime, mor-
phologies were predicted by the Milner’s theory. (PS)2(PI)2
with 28 vol % of PS formed a cylindrical morphology,
although lamellae were predicted. Sample with 58 vol % of
PS exhibited a cylindrical morphology, while bicontinuous
morphology is predicted. This is because bicontinuous mor-
phology is unstable in the strong segregation regime as a
result of increased packing frustration.65 With increasing
number of n in (PS)n(PI)n miktoarm star copolymers, the
lamellar domain spacing is also increased.66 This is because
each polymer segment near the junction adopts a stretched
trajectory away from the center core to minimize chain
crowding.
Very recently, self-assembled morphologies of A3B3C3 mik-
toarm star copolymer composed of PS, PI, and poly(4-
methoxystyrene) (PMOS) were investigated.67 The volume
fractions of the PS, PMOS, and PI were estimated to be 31.4,
29.4, and 39.2%, respectively. They found via grazing inci-
dence X-ray scattering that the thin films have highly
ordered, in-plane oriented hexagonal structure consisting of
truncated PS cylinders and truncated PMOS triangular
prisms in the PI matrix. More interestingly, this hexagonal
structure undergoes a rotational transformation which pro-
duces a 30-rotated hexagonal structure at temperatures
above 190 C.
FIGURE 9 Theoretical phase diagram of (a) (rod)2coil miktoarm star copolymer and (b) rod-coil linear diblock copolymer. (Repro-
duced from ref. 48, with permission from Elsevier.)
FIGURE 10 Comparison of observed morphologies with predic-
tions of Milner.36 Lines indicate the predicted boundaries
between various morphologies. Letters indicate observed mor-
phologies: CB5cylinders of B, B5bicontinuous, L5lamellar,
CA5cylinders of A. (Reproduced from ref. 54, with permission
from American Institute of Physics.)
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ABC Miktoarm Star Terpolymer
Compared to linear ABC triblock copolymer,68 ABC miktoarm
star terpolymer showed diverse morphologies. Hadijichristi-
dis et al.52 studied the morphology of ABC miktoarm star
terpolymer, composed of PS, PI, and PB. Since PI and PB
arms could be mixed due to small vN, (PS)(PI)(PB) miktoarm
star terpolymer has similar morphologies of (PS)(PI)2 mik-
toarm star copolymers.
Okamoto et al.69 investigated, via differential scanning calo-
rimeter, TEM, and SAXS, the phase behavior of ABC mik-
toarm star terpolymer composed of PS, PDMS, and poly(tert-
butyl methacrylate) (PTBMA), each of them having similar
weight fraction. Because three components are very incom-
patible, (PS)(PDMS)(PTBMA) miktoarm star terpolymer
showed special microdomain not obtained by (PS)(PI)(PB)
miktoarm star terpolymer. A miktoarm star terpolymer con-
sisting of PS/PDMS/PBMA5 36/26/38 (wt %) shows a reg-
ular microdomain morphology with a threefold symmetry
where each microdomain forms a 3D continuous network
domain even though precise morphology is not conformed.
Sioula et al.70 investigated the phase behavior of miktoarm
terpolymer having PS, PI, and PMMA. PS and PMMA chains
show a large incompatibility toward PI, whereas incompati-
bility between PS and PMMA is weak. All (PS)(PI)(PMMA)
miktoarm star terpolymers showed three-microphase and 2D
periodic microstructure of an inner PI column with a sur-
rounding PS annulus in a matrix of PMMA. There is no inter-
face between PI and PMMA, which means PMMA arms
passed through the PS domain to reduce unfavorable contact
between PI and PMMA. They found a new morphology for
(PS)(PI)(PMMA) miktoarm star terpolymer having 38 vol %
of PS, 28 vol % PI, and 34 vol % of PMMA. The PMMA
domain was surrounded by alternating PI and PS microdo-
mains, which forms hexagonal-shaped cylindrical columns
with p6mm symmetry (Fig. 13).71 This is a direct evidence
that the junction is confined to the line where the three
interfaces meet, and is attributed to nearly symmetric vol-
ume fractions of the three arms in (PS)(PI)(PMMA) mik-
toarm star terpolymers.
Yamauchi et al.72 investigated the microdomain structure of
ABC miktoarm star terpolymer composed of PS, PI, and PDMS
using energy-filtering TEM (EF-TEM) together with 3D electron
tomography. They prepared two samples for TEM. One is the
sample without stain, and the other is sample stained with
OsO4. In both samples, only one phase has a contrast under
TEM; thus, it is complicated to analyze the 3D microdomain
structure. When energy-filtering TEM was used, complex mac-
rodomain morphology with the coexistence of three different
cylindrical structures was identified (Fig. 14).
(PS)(PB)(P2VP) miktoarm star terpolymers show various
morphologies depending on the relative volume ratio of each
block.73 It shows tetragonal or distorted hexagonal
FIGURE 11 TEM micrograph of (PS)(PI)5 miktoarm star copolymer with 58 vol % of PS symmetric tilt grain boundaries: (a) broken
chevron, (b) broken chevron with cylinders, (c) broken X with cylinders. (Reproduced from ref. 58, with permission from American
Chemical Society).
FIGURE 12 Schematic representation of linear diblock, AB2 and
AB3 miktoarm star copolymer with the same composition and
tapping mode AFM phase images for the thin films of each
block copolymers. (Reproduced from ref. 60, with permission
from American Chemical Society).
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morphologies when P2VP fraction is low. When the P2VP
volume fraction was increased to 50–60 vol %, a hexagonal
morphology was formed where the junction point is located
along the line. Lamellar morphologies were formed when
volume fraction of PB was larger than the volume fraction of
PS even though the volume fraction of P2VP was varied. This
is possible because the incompatibility between PB and
P2VP is larger.
FIGURE 13 Schematic microdomain structure of the (PS)(PI)(PMMA) miktoarm star terpolymer with 38 vol % of PS, 28 vol % of PI,
and 34 vol % of PMMA. The areas of each component are proportional to the volume fractions. (a) Representative chain conforma-
tion of a miktoarm star terpolymer and the location of the junction point are indicated. (b) Perspective showing the junction points
residing at the vertexes where the three types of microdomains intersect. (Reproduced from ref. 71, with permission from Ameri-
can Chemical Society.)
FIGURE 14 (a) Schematic illustration of the model for the microdomain structure of the (PI)(PS)(PMDS) miktoarm star terpolymer
consisting of dark (PI), gray (PDMS), and bright (PS) cylinders with characteristic shapes. (b) A cross-sectional view of the cylinders
in (a). The junction points of the miktoarm star are confined on the curved lines. (c) EF-TEM images of unstained (PI)(PS)(PMDS)
miktoarm star terpolymer. (d) EF-TEM image of the OsO4-stained sample. (Reproduced from ref. 72, with permission from Ameri-
can Chemical Society.)
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Matsushita and coworkers74–76 made a significant contribu-
tion to microphase separation of ABC miktoarm star terpoly-
mers. They prepared (PS)(PI)(P2VP) miktoarm terpolymers
with volume ratios of PS:PI:P2VP having 1:1:0.7, 1:1:1.2, and
1:1:1.9. All of the samples formed three-phase microdomain
structures (Fig. 15). Honeycomb-type structure where three
different microdomains form mutually hexagonal domain
was observed for the first time. However, each microdomain
morphology has many defects compared to linear copoly-
mers due to the difference in times for structural formation
between ABC miktoarm star terpolymers and linear diblock
copolymers. The junction point of linear diblock copolymer
can move 2D during the formation of microphases, while the
junction point of ABC miktoarm star terpolymer move 1D
(Fig. 16). This different mobility of connecting point makes
linear diblock copolymer attain a more stable structure than
ABC miktoarm star terpolymer. They also used microbeam
SAXS patterns, whose results are consistent with those
obtained by TEM, and the lattices formed by (PS)(PI)(P2VP)
miktoarm star terpolymer are distorted in comparison with
the ideal lattice.77
Interesting morphologies were discovered in (PS)(PI)(P2VP)
miktoarm star terpolymers whose volume ratios of
PS:PI:P2VP are 1.0:1.8:X (4.3 X 53).78 Depending on the
range of X, three kinds of hierarchical morphologies,
cylinders-in-lamella (4.3 X 11), lamellae-in-cylinder
(12 X 32), and lamellae-in sphere structure (X5 53) are
formed. In the cylinders-in-lamella morphology, PI and PS
chain consists of cylindrical PI domains in matrix of PS. This
combined layer constitutes an alternating lamellar morphol-
ogy with layers of PS domains (Fig. 17). Several kinds of
structure-in-structure morphology already have been
reported.79,80 However, hierarchical morphology consisting of
cylinders in lamellar structure were reported for the first
time in this work, which is contrast to previously reported
hierarchical morphology of smaller lamellae in another large-
sized lamellar structure.81,82
Recently, Matsushita et al.33 reported various morphologies
using (PS)(PI)(P2VP) miktoarm star terpolymers with differ-
ent volume ratios between the arms (Fig. 18). When asymme-
try in volume ratio between the arms was increased, a four-
branched zinc-blende type morphology was created. This net-
work structure has seldom been observed for the polymer.
They explained that the formation of peculiar structure is
because the repulsion force between PI and P2VP is the
strongest, resulting in reduced contact area between PI and
P2VP microdomain. In addition, (PS)(PI)(P2VP) miktoarm star
terpolymers are in the frustrated state in bulk, which makes
their junction point have to be aligned along a 1D line. Fur-
ther increase of the asymmetry created hyperbolic tiling on a
gyroid membrane. This structure is also interesting because
the major component forms a double network and the minor
one forms gyroid membranes, in contrast to the usual expec-
tation that minor component forms double networks in block
copolymer systems. More interestingly, Hayashida et al.34
observed quasicrystalline tiling pattern with 12-fold symmetry
in a (PS)(PI)(P2VP) miktoarm star terpolymer, which have not
been observed in any polymeric system.
The self-assembly of (PS)(PI)(PFS) miktoarm star terpoly-
mers (here, PFS is poly(ferrocenylethylmethylsilane)) was
FIGURE 15 TEM images of ABC star block terpolymers composed of PS, PI, and P2VP, which have different volume ratio. (a) vol-
ume ratio of PS:PI:P2VP are 1:1:0.7, (b) volume ratio of PS:PI:P2VP are 1:1:1.2, and (c) volume ratio of PS:PI:P2VP are 1:1:0.7.
(Reproduced from ref. 74, with permission from American Chemical Society.)
FIGURE 16 Schematic drawings of mobility of connecting
points of (a) AB diblock copolymers and (b) ABC miktoarm star
terpolymers. (Reproduced from ref. 74, with permission from
American Chemical Society.)
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studied by TEM.35 Various morphologies were observed by
varying the volume fraction of three arms in bulk films. Two
different Archimedean tiling patterns, [8.8.4] and [12.6.4],
and lamellae of PFS with alternating cylinders of PS and PI
were found, which is generally consistent with the theoreti-
cal prediction.
Li et al.83 investigated micellar morphologies of (PEO)(-
PE)(PF) miktoarm star terpolymer (here, PE is polyethyl-
ethylene; PF is poly(perfluoropropylene)) in a dilute aqueous
solution. Since hydrophobic PE and lipophobic PF arms are
superstrongly segregated, flat interfaces are obtained in
micellar morphologies.84,85 As a result, the micellar morphol-
ogies were tuned from discrete multicompartment micelles
to extended wormlike structure depending on relative block
lengths.
Rod-Containing Miktoarm Star Copolymer
Rod-containing block copolymers have received great inter-
est because of their structural asymmetry compared to con-
ventional coil-b-coil block copolymers. Rod-coil linear block
copolymers show unique morphologies such as the zigzag
morphology86 and mushroom-shaped microstructure.87 How-
ever, relatively a few studies have been conducted focusing
on the microphase separation for rod-containing miktoarm
star copolymers, probably because of difficult synthesis.
However, a recent development of synthetic methods can
allow one to synthesize and characterize rod-containing mik-
toarm star copolymers.
Babin et al.88 investigated the microdomain structures of
A2B miktoarm star copolymers composed of two poly(gluta-
mic acid) (PGA) block and one PS block, where the PGA
block adopted a rigid rod-like a-helical conformation. All
miktoarm star copolymers have the hexagonal packing of
PGA helices in lamellar structure independently of the com-
position, reflecting the strong strength of the rod–rod inter-
action and the high interaction parameter between the two
blocks [Fig. 19(a)]. They also studied the effect of the macro-
molecular architecture on the organization of PGA a-helices.
PGA can be folded or tilted depending on PGA content for
linear diblock copolymers, whereas only stacked packing
was observed in miktoarm star copolymer because two PGA
arms in miktoarm star copolymers prevent the folding of the
polypeptide segments [Fig. 1(b)].
Junnila et al.89 investigated the morphologies of miktoarm
star copolymers composed of PS block and rigid-like poly(e-
tert-butyloxycarbonyl-L-lysine) (PBLL) block. They found that
PS2PBLL miktoarm star copolymers formed lamellar mor-
phologies with two different domain spacings.86–88 In
FIGURE 17 TEM images of a morphology for the (PS)(PI)(P2VP) miktoarm star terpolymer whose volume ratio of PS:PI:P2VP is
1.0:1.8:6.4 taken with tilt angles of (a) 0, (b) 25, and (c) 35 around a horizontal axis at the same sample location and the corre-
sponding schematic (d). (Reproduced from ref. 78, with permission from American Chemical Society.)
FIGURE 18 Kaleidoscopic morphologies from the
(PS)(PI)(P2VP) miktoarm star terpolymer system. (a) Lamellae-
in-sphere, (b) lamellae-in-cylinder, (c) cylinder-in-lamella, (d)
hyperbolic tiling, (e) zinc blende, (f) sphere-sandwiched-with-
lamella, (g) Archimedean tilting, and (h) lamellae-in-lamella.
(Reproduced from ref. 33, with permission from IOP
Publishing.)
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contrast, PS2PBLL2 miktoarm star copolymers formed uni-
form lamellar morphology with bilayer stacking of the a-
helices because the frustration between the PBLL and PS
arms is not large (Fig. 20).
Microphase separation of (PS)(PI)(poly(c-benzyl-L-glutama-
te)[PBLG]) miktoarm star terpolymer (here, PBLG is poly(c-
benzyl-L-glutamate)) was investigated by X-ray scattering,
solid state NMR, and TEM. Rod-like PBLG block which is hex-
agonally packed formed pure PBLG domains, whereas two
amorphous PS and PI are partially mixed.90 Junnila et al.91
investigated the morphology of (PS)(PI)(PBLL) miktoarm
star terpolymer. In contrast to (PS)(PI)(PBLG) miktoarm star
terpolymer,90 well-defined hierarchical microstructure was
formed in the solid state. The PS and PI arms form lamellae,
while PBLL arms are stacked to form pure polypeptide
lamellae (Fig. 21). This hierarchical structure is only
observed when the volume fraction of each block is highly
asymmetric, or the interactions between arms are very dif-
ferent. Considering that the molecular weight of the arms is
similar, this microstructure is caused by the aggregation of
rod-like PBLL.
Goseki et al.92 used A2B miktoarm star copolymer composed
of two PS coil and one polyhedral oligomeric silsesquioxane-
containing poly(methacrylate) (PMAPOSS) and found that
this exhibits cylindrical structure with the minor microdo-
mains of the PMAPOSS due to higher curvature on the inter-
face (Fig. 22). But, PMAPOSS cylindrical morphology was not
observed in linear PS-b-PMAPOSS diblock copolymer because
PMAPOSS molecule is bulky and crystalline, which makes
PMAPOSS as rod-like segments. In addition, ellipsoidal
cylinder-like morphology was observed, which is often
observed in rod-containing diblock copolymers.93,94
Poly(3-alkylthiophene) (P3AT) is one of the most attractive
p-conjugated polymers for organic field-effect transistors,
organic photovoltaics, and chemical sensors. Several research
groups studied the self-assembly of P3AT-containing linear
block copolymers as nanoscale morphologies consisting of
P3AT.95 However, miktoarm star copolymers containing P3AT
were rarely synthesized. Very recently, Park et al. prepared
(P3HT)2PMMA miktoarm star copolymer with 48 wt.% of
P3HT.96 It shows nanofibril structure whose width is similar
to that of P3HT-b-PMMA when the molecular weight of P3HT
block is the same as one arm of P3HT in (P3HT)2PMMA.
This indicates that two P3HT backbones in each
(P3HT)2PMMA could be stacked one by one along the
FIGURE 19 (a) Schematic representation for hexagonal packing of a-helix in lamellar morphology. (b) Schematic representation of
the local packing of the PGA block as a function of the rod fraction for PS-b-PGA and PS(PGA)2 miktoarm star copolymers.(Repro-
duced from ref. 88, with permission from American Chemical Society).
FIGURE 20 Schematic illustration of the packing of the mik-
toarm star copolymers in bulk. (Reproduced from ref. 89, with
permission from American Chemical Society).
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nanofibril axis without any topological constraint because of
strong p–p interaction between P3HT arms (Fig. 23). This
morphology was also observed for thin film.
MORPHOLOGIES AND MICROPHASE SEPARATIONS OF
STAR-SHAPED COPOLYMERS
Theory
The phase behavior of (B-b-A)n (n5 1, 3, 5, 9) star-shaped
copolymers was predicted using SCFT simulation by Matsen
and coworkers.39,97 Simulation was performed using the
standard Gaussian chain model with conformational symme-
try between A (outer block) and B (inner block) segments.
Cylindrical and spherical phases were expanded at A-rich
volume fraction, as shown in Figure 24. This indicates that
inner blocks are preferentially located inside the microdo-
main. Increasing number of arms (n) caused a shift of overall
phase boundaries toward higher volume fraction of A block.
Also, Fddd (O70) region of star-shaped copolymer was greatly
expanded compared with that of linear diblock copolymer.
Leibler predicted the phase separation critical point of sym-
metric diblock copolymer (fA50.5) containing N monomer
units as (vN)c5 10.5.
1 Cruz et al.98 investigated the phase
separation critical point behavior of (A-b-B)n star-shaped
copolymers with volume fraction of A inner block. Inner A
block monomers of star-shaped copolymer would be
screened from interacting with B monomers as the number
of arms (n) increases, which is different from diblock copoly-
mer. This self-segregation causes different phase transitions,
FIGURE 21 (a) Schematic illustration of the hierarchical structure of the (PS)(PI)(PBLL) miktoarm star copolymers in bulk. (b) TEM
image of the miktoarm star copolymer annealed and stained with OsO4 (PI dark, PS and PBLL light). (Reproduced from ref. 91,
with permission from American Chemical Society).
FIGURE 22 Differences between the morphology of (a) linear PS-b-PMAPOSS and (b) the PS2PMAPOSS miktoarm star copolymer.
The greater crowding on the PS side of the interface for the miktoarm star copolymer case leads to a high degree of curvature.
(Reproduced from ref. 92, with permission from American Chemical Society.)
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as shown in Figure 25. Molecular architecture of star-shaped
copolymer induced lower critical point of (vN)c and more
asymmetric curves with increasing n. Recently, Lin and
coworkers99 explored the phase behavior of (A-b-B)21 in
bulk and under cylindrical confinement using the pseudo-
spectral method of SCFT. They predicted an expanded disor-
dered phase region, which means that it is more difficult to
induce microphase separation of star-shaped copolymer
compared with linear diblock copolymer. Also, the disordered
region was expanded when the inner block had a larger vol-
ume fraction than the outer block.
Experimental of Star-Shaped Copolymers
Thomas and coworkers100 explored the phase behavior of
(PI-b-PS)n with PS outer block. The morphologies of a series
of (PI-b-PS)18 with various volume fractions of fPS (0.09–
0.91) were investigated in detail. They observed PS spheres,
PS cylinders, PS double gyroid, lamellae, PI cylinders, and PI
spheres with increasing fPS, as shown in Figure 26. Because
PI block was selectively stained by OsO4 vapor, dark areas
represent the PI phase. PS spherical and cylindrical microdo-
mains were observed at minor volume fractions of the PS
block, and reverse phase of PI spherical and cylindrical
microdomains was found for major components of PS block.
Interestingly, an ordered bicontinuous double gyroid (OBDG)
was only observed when the minority component was the
outer segment (fPS5 0.27) as shown in Figure 27(a). But,
cylindrical structure was exhibited when PS was inner block
and minor volume fraction for (PS-b-PI)18 with fPS5 0.27. Of
course, a reversed image contrast of OBDG structure was
shown for (PS-b-PI)18 with fPI5 0.27 because the outer block
was PI [Fig. 27(b)].
Also, they examined the effect of molecular weight and n on
the transition of morphology of (PI-b-PS)n at fixed fPS of
0.27.101,102 Five different arms (n5 2, 4, 8, 12, 18) and three
molecular weights of one arm (2.3 3 1024, 3.3 3 1024, 10
3 1024 g/mol) were used. By increasing n or molecular
weight of arms, the cylindrical microstructure was trans-
formed to OBDG (Table 1). When they fixed the molecular
weight of arms (2.3 3 104 g/mol), OBDG was observed for
18 arms, though the cylindrical structure showed up to 12
arms. Also, an OBDG was observed if the molecular weight
of arms is increased from 2.3 3 104 g/mol to 3.3 3 104 g/
mol at n5 8. Because of star-shaped molecular architecture,
overcrowding of inner block (PI) is increased by increasing
n. Thus, the conformational restriction for the inner block is
increased. A phase transition from HEX to OBDG was
observed at n larger than 6 when the molecular weight of
one arm was fixed as 3.36 3 104 g/mol.103 Moreover, at
FIGURE 23 Tapping-mode AFM phase image of (P3HT)2PMMA
miktoarm star copolymer film. (Reproduced from ref. 96, with
permission from John Wiley and Sons)
FIGURE 24 Phase diagram of (B-b-A)9 depending on volume
fraction of outer A block (f). Here N is the degree of polymer-
ization of each diblock copolymer arm. (Reproduced from ref.
39, with permission from American Chemical Society.)
FIGURE 25 Variation of (vN)c with volume fraction of inner A
block (f) for (A-b-B)n with various n. (Reproduced from ref. 98,
with permission from American Chemical Society.)
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lower annealing temperature (120 C), (PI-b-PS)6 showed
gyroid structure, while it showed HEX at 150 C, and this
transition is thermoreversible.
Uchida and coworkers104–106 examined the morphologies of
(PI-b-PS)n with high number of arms (n5 26 and 77) at a
fixed volume fraction by SAXS and TEM. The dark part in
Figure 28 corresponds to PI phases because of selective
staining with OsO4. Due to symmetric volume fraction of PI
(fPI5 0.527), lamellar structure was observed at all samples
(n5 2, 26, and 77) even at n5 77 (Fig. 28). For number of
arms of 16, 21, 26, and 16–19 wt % of PI block, all of (PI-b-
FIGURE 26 TEM images of (PI-b-PS)18 labeled by volume fraction of PS outer block. (Reproduced from ref. 100, with permission
from American Chemical Society.)
FIGURE 27 TEM images of (a) (PI-b-PS)18 with outer PS block at fPS5 0.27, (b) (PS-b-PI)18 with outer PI block at fPI50.27. (Repro-
duced from ref. 100, with permission from American Chemical Society.)
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PS)n showed face-centered cubic structure, which is the
same as diblock copolymer.
Matsushita and coworkers107 prepared (PI-b-PS)n (n5 4, 12)
by an anionic polymerization technique and coupling reac-
tion. After preparation of three kinds of linear PI-b-PS arms
(fPS5 0.23, 0.47, 0.78) by anionic polymerization, a coupling
reaction followed to connect each arm by a linking agent.
The same morphologies were observed between (PI-b-PS)n
(after coupling) and corresponding linear PI-b-PS arms
TABLE 1 Morphologies of (PI-b-PS)n Depending on the Molecular Weight of Arms and the Number of Arms.
Arm Molecular Weight Arm Number
2 4 8 12 18
2.3 3 104 CYL CYL CYL CYL OBDG
3.3 3 104 CYL CYL OBDG OBDG OBDG
1.0 3 105 CYL OBDG OBDG
Reproduced with permission from ref. 101, with permission from American Chemical Society.
FIGURE 28 TEM images of (a) PI-b-PS, (b) (PI-b-PS)26, and (c) (PI-b-PS)77 with fPI5 0.527. (Reproduced from ref. 106, with permis-
sion from Elsevier.)
FIGURE 29 TEM images of (a) linear arm and (PI-b-PS)4 with fPS5 0.23, (b) linear arm and (PI-b-PS)4 with fPS50.47, (c) linear arm
and (PI-b-PS)4 with fPS5 0.78, and (d) linear arm and (PI-b-PS)12 with fPS50.47. (Reproduced permission from ref. 107, with per-
mission from Elsevier.)
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(before coupling) irrespective of n as shown in Figure 29: PS
cylinders (fPS5 0.23), lamellae (fPS5 0.47) and PI cylinders
(fPS5 0.78). For annealed films prepared using star-shaped
copolymers and corresponding linear diblock copolymers,
equal domain spacing was measured. These results suggest
that the conformational entropy loss due to the molecular
architecture of star-shaped copolymer may not be large
enough to affect the morphology up to 12 arms.
FIGURE 30 TEM projections of (PS-b-PI)6 (fPS5 0.33) with (a) 6-fold, (b) 4-fold, (c) 2-fold, and (d) schematic drawing of gyroid struc-
ture of PS network containing fullerene. (Reproduced from ref. 110, with permission from Elsevier).
FIGURE 31 TEM image of (a) linear PS-b-PB-b-PS triblock copolymer and (b) (PB-b-PS)4. (Reproduced from ref. 111, with permis-
sion from John Wiley and Sons.)
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Matyjaszewski and coworkers108,109 prepared (PBA-b-
PMMA)3 with three different weight fractions of PMMA (13,
26, and 36 wt %.) by ATRP. Interestingly, a sample with 13
wt % of PMMA showed cylindrical structure. Also, they pre-
pared (PBA-b-PMMA)n (n5 10, 20) with 27 wt % of PMMA.
Significantly increased tensile strength and the elastic modu-
lus was observed for (PBA-b-PMMA)n (n5 10, 20) compared
with linear block copolymer and (PBA-b-PMMA)3. This sug-
gests that increased hard-domain interconnectivity between
the star-shaped copolymer molecules improved tensile
strength.
Brinkmann and coworkers110 synthesized (PS-b-PI)6 using a
fullerene C60 as a core. After preparation of living PI-b-PS-
Li1 by anionic polymerization, C60 was subsequently added
to graft polymer arms on C60. Microstructures of PS cylin-
ders (fPS5 0.22), gyroid (fPS5 0.33), lamellae (fPS5 0.46),
and PI cylinders (fPS5 0.77) were observed by controlling
the volume fraction of PS. They obtained gyroid structure
although the inner block was the minority phase. As shown
in Figure 30, 6-fold (a), 4-fold (b), and 2-fold (c) symmetries
were observed, which are characteristic projections of
gyroid. Because fullerene is used as junction point of star-
shaped copolymer, assembly of fullerenes is possible within
the PS microdomains, as shown in Figure 30(d).
Yu and coworkers111 prepared linear PS-b-PB-b-PS triblock
copolymer and (PB-b-PS)4 with the same weight fraction of
PS (40 wt %). Figure 31 presents the TEM images of linear
and (PB-b-PS)4. Lamellar microdomain was observed for lin-
ear PS-b-PB-b-PS triblock copolymer because of symmetric
weight fraction [Fig. 31(a)], while sea-island morphology
was exhibited for star-shaped copolymer [Fig. 31(b)].
Very recently, Kim and coworkers112 prepared (PS-b-
PMMA)18 with various volume fractions of PMMA outer
block (fPMMA) using cyclodextrin as an initiator. The microdo-
mains of (PS-b-PMMA)18 changed from BCC, HEX, PL, and
LAM with increasing fPMMA from 0.3 to 0.8 (Fig. 32). Interest-
ingly, (PS-b-PMMA)18 with fPMMA of 0.77 showed highly
asymmetric lamellar microdomains, while the corresponding
linear PS-b-PMMA diblock copolymer with the same volume
fraction should not have lamellar microdomains. To analyze
the arm information, the ester groups located between cyclo-
dextrin and PS block were cut by hydrolysis. Spherical
microdomains were observed after cutting of (PS-b-PMMA)18
with fPMMA5 0.77, which showed asymmetric lamellar micro-
domains for the star-shaped structure. This result suggests
that the microdomains are highly affected by the molecular
architecture of block copolymer.
Although many morphologies have been reported for diblock
copolymers86,87 or miktoarm star copolymers containing rod
block,92 there has been no reports on morphologies for rod-
containing star-shaped copolymers. We expect that star-
shaped copolymers containing rod block would show unex-
pected morphologies.
CONCLUSIONS AND OUTLOOK
We have discussed the self-assembly of two kinds of star
copolymers: miktoarm star copolymers (AmBn and ABC
FIGURE 32 SAXS profiles and TEM images (insets) for the (PS-b-PMMA)18 with different PMMA length. (a) fPMMA5 0.30, (b)
fPMMA50.38, (c) fPMMA5 0.40, (d) fPMMA5 0.48, and (e) fPMMA50.77. (Reproduced from ref. 112, with permission from American
Chemical Society.)
REVIEW WWW.POLYMERPHYSICS.ORG
JOURNAL OF
POLYMER SCIENCE
18 JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2015, 53, 1–21
miktoarm star terpolymer) and star-shaped copolymers
((A-b-B)n). The most studied miktoarm star copolymers are
ABm miktoarm star copolymers, where the boundary of
each morphology is shifted to higher volume fraction of a
single arm due to steric hindrance at the interface. Mik-
toarm (especially ABC miktoarm) star copolymers can have
various morphologies such as Archimedean tiling patterns,
because the junction points of ABC miktoarm star terpoly-
mers usually lie in the line, not plane. Star-shaped copoly-
mers ((A-b-B)n) have an asymmetric phase diagram. Most
experimental studies on morphology are focused on (PI-b-
PS)n. The effect of the number and molecular weight of
arms caused enlarged OBDG phase boundary. Also, OBDG
structures were mainly observed when the minority compo-
nent was the outer block, and cylindrical structures were
exhibited when the inner block has minor volume fraction.
This is consistent with the theoretical prediction that a
cylindrical structure is more stable when the minority com-
ponent consists of the inner part. Except the above results,
the experimentally observed self-assembled morphology of
star-shaped copolymers was almost similar to that of linear
block copolymers. Sea-island morphologies or dramatic
phase shifts of star-shaped copolymers, which were not
observable, have been shown recently using different spe-
cies of star-shaped copolymers.
Well-defined star copolymers usually have been synthesized
by anionic polymerization, which limits various polymers as
arms.113 Since a click reaction was successfully used to syn-
thesize ABC miktoarm star terpolymers,114,115 it would be
the one of best methods to synthesize star copolymers with
various arms. Also, the development of synthetic techni-
ques, such as CRP, has made it possible to make diverse
architectures. Based on advanced synthetic skills, one can
synthesize more complex miktoarm architectures such as
ABCDE miktoarm star copolymers or diverse species of
star-shaped copolymers that could exhibit rich morpholo-
gies. Rigid-rod polymers, such as polypeptides and conju-
gated polymers, have also attracted much interest.
However, there are few works on the self-assembly of star
copolymers containing rigid-rod polymers. Also, there are
few theories for rigid-rod containing miktoarm or star-
shaped copolymers. We expect that these kinds of star
copolymers could open a new era in self-assembly of block
copolymers.
To use these fascinating morphologies of star copolymers in
real applications such as nanotemplates for lithography and
electronic devices with nano feature sizes, the self-
assembled structure on thin films should be investigated. It
is well known that many variables affect self-assembly of
block copolymers in thin films, including film thickness and
the interactions between polymers and the substrate or
free surface, which induces very different morphologies of
thin film from that of bulk.116–118 We hope that new kinds
of nanopatterns not attained from linear-shaped block
copolymers could be possible when miktoarm or star-shape
copolymers are used.
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